. Binding capacity (B, , ) for (-)-I3H]DHA increased progressively from 46 + 7 on day 18 of gestation to 510 2 70 femt~moles*mg-~ protein (mean + S.D.) on postnatal day 28, at which time adult B, , was attained. An increase in (-)-i3HI DHA binding capacity of the lung was observed between postnatal days 15 and 28, during the known period of increased thyroid gland secretory activity, serum triiodothyronine (T3), and thyroxine (T4) concentrations in the rat. We therefore studied lung /?-adrenergic receptors in rat pups made hypothyroid with propylthiouracil (PTU) (in utero and postnatally) compared to normal agematched control pups and to euthyroid pups which were treated with PTU but were also injected daily with thyroxine (T4treated). Hypothyroid pups grew nearly normally until postnatal day 15 but grew poorly thereafter; by day 28 somatic and lung weight, lung DNA, and protein were markedly decreased in hypothyroid pups as compared to controls. Pulmonary Padrenergic receptors were similar in hypothyroid pups and controls on day 15, but were markedly decreased in hypothyroid pups on day 28 (294 2 57 versus 489 + 82 femtomoles*mg-' protein in T4 treated euthyroid controls). Treatment of the hypothyroid pups with T4 on day 25 significantly increased lung ~a d r e n e r~i c receptors to near normal concentrations bv dav 28. We conclude that thvroid hormones or thyroid dependent faftors enhance pulmonary b-adrenergic recep tor synthesis and that thyroid hormone is required for the normal postnatal maturation of the 8-adrenergic receptor system in the rat lung.
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Speculation
Thyroid hormone or thyroid hormone dependent factors are required for the normal postnatal growth and maturation of the rat lung. Pulmonary &adrenergic-receptors increase markedly during the wrinatal wriod in the rat and their normal postnatal developmeit is thyroib hormone dependent. Because themtiming of increased thyroid gland activity varies among species, occurring earlier in the human than in the rat, the possible effects of thyroid hormone on pulmonary maturation in the human might also occur at an earlier time in perinatal life. Finally, it is speculated that the ontogenic increases in pulmonary /?-adrenergic receptors are also associated with developmental changes in catecholamine mediated cellular responses of ;pecific cells.
Catecholamines are mediators of surfactant release (7) and smooth muscle tone in the mammalian lung. These effects are presumably the result of the interactions of adrenergic agonists with P-adrenergic receptors present on the plasma membranes of various pulmonary cells, resulting in the stimulation of adenylate cyclase thus increasing intracellular 3',5' cyclic adenosine monophosphate (CAMP) (2, 17) . Studies from this laboratory have recently demonstrated that pulmonary /3-adrenergic receptors in the rat and rabbit increase dramatically during late gestation and during the suckling period, reaching adult levels by 28 days of postnatal age (26) . Cheng et al. (5) have also recently demonstrated the role of corticosteroids on the prenatal increase in pulmonary /3-adrenergic receptors. In preliminary studies of the postnatal maturation of the /3-adrenergic receptor in rat lung, we noted that a thyroid dependent increase in P-adrenergic receptors occurred between postnatal days 14 and 28, during the period of increased thyroid gland activity and increased serum triiodothyronine (T3) and thyroxine (T4) concentrations which occurs late in neonatal life in this species as compared to the human (8, 26, 27) . Several studies have also demonstrated that thyroid hormones or the thyroid analog 3,s-dimethyl-3'-isopropyl-1-thyronine (DIMIT) may enhance pulmonary maturation in the late fetal period in mammals (1,23,32). Thyroxine or DIMIT enhances phospholipid synthesis and the morphologic and biochemical maturation of Type I1 pneumocyte in the fetal rabbit. A relationship between delayed lung maturation (hyaline membrane disease) and low serum T4 has also been demonstrated in humans (l,6, 19,23,32) . Although the role of thyroid hormone in pulmonary maturation in the perinatal period has been suggested, the possible role of thyroid hormone on the postnatal development of P-adrenergic receptors and their characteristics in the lung has not been subiected to such scrutinv.
-A relationship between thyroid activity and /3-adrenergic receptors has also been demonstrated previously; triiodothyronine (T3) in vitro increased P-adrenergic receptors h isolated rat myocytes (25) . Likewise, rats made hyperthyroid in vivo had increased /3-adrenergic receptors present in myocardial homogenates (30) . In addition to such direct effects of thyroid hormone on P-adrenergic systems in the mature animal, thyroid hormone exerts potent maturational effects on numerous organs including brain, liver and the lung (9, 10). The present study was therefore designed to assess the effects of hypothyroidism on the postnatal growth of the rat lung and to further clarify the effects of hypothyroidism and thyroxine treatment on the known developmental increase in pulmonary P-adrenergic receptors.
MATERIALS AND METHODS

Animals.
Timed-bred Wistar rats were purchased from Charles River Corp. Dams were fed standard rat chow and maintained at 24°C in a 12 h light-dark cycle. Three groups of animals were maintained in individual cages and treated as follows: Group Ihypothyroid rats were treated by adding 0.05% propylthiouracil (PTU) to their drinking water from day 16 of gestation until the time of sacrifice. Pups were nursed in litters of less than 10 pups until sacrifice. Group ZI-euthyroid control rats were maintained on 0.05% PTU from day 16 of gestation. The pups were injected subcutaneously each day with thyroxine (T4) in 0.9% NaC1, 0.1 mM NaOH as follows: 0.05 pg daily on postnatal days 1-5, 0.10 pg on days 6-14 and 0.30 pg on days 15-28, as described by Hamburgh et al.
(1 1). Animals received their last T4 injection 24 h before sacrifice. Group 111-untreated control rats were maintained with the dam in litters of less than 10. Sham injection with 0.1 ml saline did not alter /3-adrenergic receptors in preliminary experiments.
Adult female Wistar rats (250-270 g) were also maintained on 0.05% PTU for 6 wk and comvared with normal female controls of the same weight. Serum thyroxine was determined by a standard clinical radioirnrnunoassay in serum from individual animals collected after decapitation.-limits of detection were 1.0 pg/dl for T4. (4, 14) . The remaining homogenate was poured through four layers of gauze and centrifuged at 3000 X g for 5 min. The supernatant was centrifuged at 40,000 X g for 20 min and the pellet resuspended by gental homogenization in iced buffer and centrifuged again at 40,000 X g for 20 min. This washed pellet was resuspended in the same buffer to a final membrane protein concentration of 1-2 mg/ml, as determined by the method of Lowry et al. (14) with bovine serum albumin as standard. Samples were assayed for P-adrenergic receptor within several days after freezing in a dry ice-acetone bath and storage at -80°C. Catecholamine sensitive adenylate cyclase activity and (-)-[3H]DH~ binding were also determined in freshly prepared whole homogenates after filtration through four layers of gauze.
Materials. (-)-
Freezing or preparation of a washed membrane fraction decreased P-adrenergic stimulation of adenylate cyclase activity in adult rat lung fractions in preliminary experiments, whereas P-adrenergic receptors were entirely stable during preparation and storage. Binding studies. Binding studies were performed in triplicate assays as previously described, in buffer containing 10 mM MgC12, 50 mM Tris-HC1 (pH 7.4) and 30-60 pg of lung membrane protein (26) (27) (28) (29) . Specific binding at 5 nM (-)-[3H]DHA was also determined in frltered crude lung homogenates to estimate total receptor number per lung. Higher protein concentrations were used in fetal and neonatal samples. (-)-[3H]DH~ was diluted in buffer immediately before the assay, which was initiated by the addition of the membrane protein. After incubation at 30°C for 20 min, the reaction was terminated by the addition of 4 ml iced Mg-Tris buffer, followed by rapid filtration through Whatman glass fiber filters (Whatman, Inc., Clifton, NJ), which were washed with an additional 16 ml iced buffer, dried and counted by standard liquid scintillation technique at 30% efficiency. Nonspecific binding was determined in triplicate assay containing M (-)alprenolo1 and was subtracted from total binding to determine specific binding. Nonspecific binding was identical whether obtained from displacement by antagonist or agonist M (-)-isoproterenol).
Solutions of all agonists and antagonists were freshly prepared before each assay. Ascorbic acid or metabisulfite was added to protect agonists from oxidation during the incubation but it did not alter specific binding or agonist affinity in pilot experiments and was therefore omitted. Triplicate assays generally varied less than 10% for both total and nonspecific binding. The filter blank was less than 10% of total biding at the KD in samples from 28-day-old pups and accounted for most of the usual nonspecific binding at (-)-[3H]DH~ concentrations lower than the KD. Equilibrium data were obtained at five or six (-)-[3H]DHA concentrations (0.2-5 nM), and the KD and B, . . were determined by the method of Scatchard. The linear regression correlation coefficient (r) was in general greater than 0.90 for individual Scatchard plots in these studies. The statistical significance of differences in binding capacity or affinity among hypothyroid, T4-treated, and normal control rat lungs at each age were determined by a one way analysis of variance, corrected by the Neuman-Kuels test (22) . To determine /3-adrenergic subtypes in rat lung (&)-['251]HYP binding was performed as previously described by Minneman et al. (16) in an assay volume of 250 pliters containing 10-20 pg membrane protein and 100 pM GTP or Gpp(NH)p in a buffer containing 10 mM MgC12, 50 mM Tris-HC1 (pH 7.4) at 37OC after 30 min incubation (26, 28) . Nonspecific binding was identical whether determined in the presence of M (-)alprenolo1 or lo-" M (-)-isoproterenol and was less than 10% of total binding near the KD for (?)-['251]HYP. The use of (&)-['251]HYP allowed increased assay sensitivity especially in the analysis of P-adrenergic receptor subtypes in lung from hypothyroid and young rat pups which contained fewer receptor sites.
The (+)-['251]HYP concentration for these inhibition studies was maintained at 100 pM which was the approximate KD for
]HYP binding to rat lung determined from Scatchard analyses, which were linear. Hofstee plots of the competition experiments were analyzed by a reiterative program based on least squares fit for two components with distinct affinities using a Texas Instrument, Model TI-59 with printer, to resolve the curve arbitrarily into two lines; reiteration was continued until the yintercepts changed less than 0.2%. The KD's for PI-and ,L?2-components were estimated from the slopes of the two lines generated from the Hofstee plots as described by Rosenthal (20) . Adenylate cyclase assay. Adenylate cyclase activity was determined in triplicate at 30°C in an established assay, which is a minor modification of the method of Salomon el al. (21, 28) . The assay contained fresh crude lung homogenates, 80 mM Tris-HC1 (pH 7.4), 1 mM [CX~~PIATP (1-2 pCi), 4.2 mM MgCl2, 1 mM f3H] cAMP (0.003 pCi), a creatine phosphokinase-ATP-regenerating system, 12.5 mM sucrose, 0.05 mM EGTA and added hormone. Column recoveries of [3H]c~MP varied from 60-7090. Theophylline (5 mM) did not improve column recovery or adenylate cyclase activity and was therefore omitted. Basal and (-)-isoproterenol sensitive adenylate cyclase activities were linearly related to time (0-20 min) and protein under these conditions. GTP M) or Gpp(NH)p M) enhanced basal activity but did not enhance catecholamine stimulation under these conditions and was therefore omitted. Variation of cAMP determination was less than 5% in replicate samples, and each data point represents the mean of at least four samples from each group determined in triplicate. ' 
RESULTS
Rat pups nursed by dams on PTU (Group I-hypothyroid) manifested the characteristics of congenital hypothyroidism. Growth was nearly normal until 14 days of postnatal age in all groups. Thereafter, growth rate decreased, the day of eye opening and the appearance of hair growth was delayed in the hypothyroid group. These hypothyroid pups had characteristic short snouts and were both ataxic and less active than Group I1 (PTU + T4), and Group 111 (untreated control) pups. Serum thyroxine concentration was below detectability (I pg/dl) in Group I pups at all ages tested. Somatic and lung growth were not altered in the hypothyroid pups on day 5 compared to both control groups and were only slightly less than in controls on day 15. By day 28 these pups weighed significantly less than Group I1 and 111 pups (Table  1) . Lung weight, DNA, and protein content were markedly decreased in Group I as compared to control animals at day 28, P < 0.01. Lung DNA was also significantly decreased in Group I versus Group I1 at 28 days of age and lung DNA content did not increase significantly in hypothyroid animals after day 15. This deficit of cellularity and mass was not recovered in hypothyroid animals up to 40 days of age. Whereas both DNA and protein content were decreased in the lungs from Group I hypothyroid animals as compared to controls on day 28 of age, the protein to DNA ratio of the lung was not altered by hypothyroidism at any of the ages studied. (Fig. 1) . P-Receptor binding increased with age nearly independently of thyroid status until after 15 days of age in all groups (Table 2, Fig. 2 and 3 ). Binding characteristics, B,., and KD, in Group I1 pups (T4 + PTU) were not different from Group 111 (untreated controls) at any of the ages studied.
By postnatal day 28, P-adrenergic receptor binding capacity was significantly reduced in hypothyroid animals as compared to T4 treated controls, 294 f 57 fmoles-mg-I protein, n = 9 versus 489 f 82, n = 8, P < 0.01 (Table 2) not vary significantly with age or with thyroid status. The protein to DNA ratio was the same at 28 days in Groups I, I1 and 111; therefore, the reduction of P-adrenergic receptors was significant whether assessed per mg protein or per lung cell. P-Adrenergic receptor binding in the crude lung homogenates confirmed the lower binding capacity observed in washed lung membranes from the hypothyroid pups on day 28. Estimates of total numbers of P-adrenergic receptor sites per lung also demonstrated a greater deficit of P-adrenergic receptors than could be accounted for by loss of cellularity or protein content in the hypothyroid pups at 28 days (Tables 1 and 2 ).
In order to assess the reversibility of the reduction of P-adrenergic receptors in the hypothyroid animals, P-adrenergic receptors in lung membranes and crude homogenates were compared in animals maintained on PTU, which received saline diluent Binding characteristics of untreated control rat lung, Group 111, were similar to Group I1 controls at all ages studied. see Table 2 .
only, and those maintained on PTU, which received 5 pg T4 daily on postnatal days 25-27 and were sacrificed on day 28 (Table 3) .
Lung P-adrenergic receptors were significantly increased, P < Q.01, after T4 treatment, in great excess of the slight increase in protein and DNA content of the lungs (19%) after T4 treatment in these pups. In contrast to the reduction of P-adrenergic receptors in Group I hypothyroid animals on day 28 of age, the prolonged adminis- . were determined from Scatchard plots and are listed on Table 2 . HYP, using rat lung membranes from Group I pups on day 28, were curvilinear ( Fig. 4a and 4b) . Analysis of these curves demonstrates that the /3-adrenergic receptor subtypes were present in approximate ratios of 80% p 2 to 20% PI-adrenergic sites in lung membranes from the hypothyroid and normal rat pups. Adenylate cyclase activity was determined in crude filtered lung homogenates obtained from 28-day-old rats from each group and in adult rats maintained on water or PTU. Activity was determined in the presence or absence of 5 x M (-)-isoproterenol or 10 mM NaF at 30°C after incubation for 15 min. Significant differences between groups were determined by a one way analysis of variance using the Neuman-Kuels correction. There were no significant differences between Groups I1 and I11 on day 28. The significance of the differences between two groups of adult rats was determined by Student's I test. Stimulation of basal 8ctivity by (-)-isoproterenol was significant as assessed by paired I test in all groups, P < 0.01. Group I < 111, " P < 0.01, P < 0.05. Group A < B, ' P < 0.05.
In preliminary experiments GTP and Gpp(NH)p M) were found to decrease agonist affmity for (+)-[1251]HYP binding to rat lung membranes and to increase the Hill coefficient from 0.6 to approximately 1.0. In the presence of Gpp(NH)p, agonists also competed for (-t)-[1251]HYP binding in the order of potency of a a-adrenergic site, and the shift in agonist potency in the presence of Gpp(NH)p was identical in fetal and adult samples (not shown).
Adenylate cyclase activity. Adenylate cyclase activity in fresh crude rat lung homogenate was sensitive to (-)-isoproterenol (5 x lo-' M), NaF (10 mM), GTP M), Gpp(NH)p M) and prostaglandin El (2.5 x 10-M) (not shown). Significant activation by (-)-isoproterenol (5 x 10-M) was observed in all groups on day 28, P < 0.0 1. (-)-Isoproterenol and NaF stimulated activities were slightly but significantly decreased in homogenates from Group I hypothyroid pups on day 28, as compared to Group 111 control animals (Table 4) . Likewise, (-)-isoproterenol stimulated activity was lower in Group I than 11; however, this difference did not reach statistical significance. Basal activity and (-)-isoproterenol sensitive adenylate cyclase activity were not altered in adult rats maintained on PTU for 6 wk (after reaching maturity) as compared to normal weight matched controls (~r i u~s A and B, Table 4 ).
DISCUSSION
The present study demonstrates the effect of hypothyroidism and thyroxine on the postnatal development of P-adrenergic receptors in the rat lung. p-Adrenergic receptors increased until postnatal day 15 almost independently of thyroid status while much of the marked increase in P-adrenergic receptor capacity (B,,,), which occurs between days 15 and 28 in the developing rat lung, is absent in hypothyroid pups. This timing corresponds to the known increases in thyroid activity, TSH, T3 and T4 levels in the rat (8) and strongly supports the role of thyroid hormone or other factors which are thyroid dependent in the normal physiologic maturation of the p-adrenergic receptors in the lung. Second, the effect of hypothyroidism of lung p-adrenergic receptors was readily reversed by treatment of 25-day-old hypothyroid rats with thyroxine for 3 days, increasing P-adrenergic receptors independently of lung protein or DNA content on day 28 of postnatal life.
Although it is generally recognized that thyroid hormone plays an important role in the growth and differentiation of the central nervous system, its possible role in these processes in the lung are less studied. Growth of the mammalian lung occurs both by hyperplasia and by hypertrophy, cell division being nearly complete in the rat lung by postnatal day 28 (24, 31) . In the present study p-adrenergic receptors increased almost independently of the thyroid hormone from day 18 of gestation to postnatal day 15. However, the increase in P-adrenergic receptors thereafter was entirely dependent upon thyroid activity. The present study also demonstrates an important role of the thyroid hormone or thyroid dependent factors in the postnatal growth of the lung. Lung DNA and protein content were not greatly altered by hypothyroidism until after postnatal day 15. Thereafter, both lung growth and general somatic growth were also highly affected in the hypothyroid pups. Lung weight, DNA and protein were markedly decreased in hypothyroid pups by 28 days of age and did not recover even after 40 days of age in these animals, demonstrating a final deficit in cell number of approximately one-half. However, it is unclear from the present study whether lung growth in the hypothyroid pups might recover if assessed after 40 days of age. These findings are in agreement with studies of 25-day-old hypothyroid rats, which demonstrated a decrease in lung weight and DNA content as compared to controls (3). Although total lung protein, DNA and weight were decreased to 59, 68 and 71% of control values (respectively) in 28 day hypothyroid pups, total P-adrenergic receptor content in hypothyroid rat lung at this age was reduced to 33% of normal concentrations. The ratio of cell protein to DNA content did not change with advancing age or with thyroid status in any of the groups. Thus the changes in Padrenergic receptor, assessed per mg protein, are equhalent to those expressed per mg DNA or per cell.
It is unclear from the present study whether specific cell types are involved in the reduction of P-adrenergic receptors in lung membranes from the hypothyroid rats. Betal-and P2-adrenergic receptor sites (80% P2:20% PI) were identified in the present study in both euthyroid and hypothyroid animals, in agreement with previous studies (16, 26) . Thus the thyroid hormone dependent increase in P-adrenergic receptors affects both PI-and &-adrenergic subtypes equally and the loss in receptor sites is not likely to be accounted for by a loss of a single cell type containing Padrenergic sites. Because the lung contains up to 40 different cell types, it is unclear which cells contain the /3-receptor and in what proportion specific cell types might be altered or lost in the hypothyroid rat lung. There is evidence that the alveolar type I1 cell is thyroid hormone responsive, containing triiodothyronine (T3) receptors and there is some evidence that these receptors mediate surfactant metabolism and release (7, 12, 13, 18) . Fetal rabbits treated with T4 or its analoe. DIMIT. in ufero have accelerated lung maturation by mor~hologic and biochemical criteria (1, 32). Thyroxine added to lung explants in vitro enhances the morphologic maturation of type 11 epithelial cells and T3 receptors have been demonstrated in a clonally derived rat type I1 cell line supporting the role of thyroid hormone in the metabolism of these pulmonary epithelial cells (12, 22) . Studies of surfactant synthesis in adult rats of varying thyroid hormone status have resulted in conflicting observations (15, 18) . Thyroxine increased cell size, the numbers of lamellar bodies, and surfactant release of the type I1 cells into alveolar washes from mature rat lung (18) ; however, similar changes in surfactant composition and content were not observed in a subsequent study by Mason et al. (15) . Similarly, in the present study pulmonary p-adrenergic receptors and adenylate cyclase were not altered in mature rats made hypothyroid with PTU. Pulmonary smooth muscle cells are catecholamine-responsive but there is little evidence at present of an interrelationship between smooth muscle tone and thyroid status; a clear role of thyroid hormones in catecholamine mediation of smooth muscle tone in the lung has not been demonstrated to our knowledge. The contribution of P-adrenergic sites by alveolar macrophages is not likely to be large; alveolar macrophages obtained from alveolar washings from the adult rat contain few (<30 fmoles mg-I) p-adrenergic binding sites as compared to lung parenchyma (unpublished observations). Whether thyroid dependent increases in P-adrenergic receptors are a direct effect of lung triiodothyronine (T3) or are related to other thyroid dependent hormones which then affect the development of the lung remains to be evaluated in in vitro systems.
In the present study, the numbers of /3-adrenergic receptors are not directly correlated with serum T4 concentrations. Adult animals made hypothyroid after maturity had normal lung /3-adrenergic receptors in spite of undetectable serum T4, and increases in /3-adrenergic receptors occurred in spite of the low serum T4 concentration in the fetal and neonatal rat until day 15 of age. The low serum T4 concentration in Group I1 animals (T4 and PTU) at 28 days may relate to the treatment schedule in which this last T4 dose was administered 24 h before sacrifice. In spite of the low T4 level in Group I1 animals on day 28, they had no signs of hypothyroidism, grew normally as shown by Hamburgh et al.
(1 1) and had a normal increase in /3-adrenergic receptor sites. These findings support the hypothesis that the maturation of pulmonary /3-adrenergic receptors is dependent upon thyroid hormone or factors influenced by thyroid status rather than a direct modulation of the receptor sites (at all ages) by prevailing serum thyroid hormone concentrations. The ontogeny of serum T4 concentrations described in the present study is in close agreement with previous work demonstrating increased activity occurring during the second and third wk of life in the rat (8) . Finally, changes in nutritional status or other growth factors have also been observed in thyroid deficiency and might also alter the growth and maturation of the lung in the hypothyroid animals observed in the present study.
Catecholamine sensitive adenylate cyclase activity in crude lung homogenates was decreased in hypothyroid as compared to euthyroid controls at 28 days of age. It is not likely, however, that this is related directly to the numbers of /3-receptors since basal and NaF activation were also decreased in the hypothyroid animals. These changes in catalytic activity and the developmental changes in basal adenylate cyclase activity (26, 28) complicate the interpretation of humoral sensitivity in lung homogenates and slices in these and several other studies, including those from this laboratory (2, 17, 26, 27) . Thus the heterogeneity of the cells and the poor coupling efficiency generally observed in lung homogenates warrants caution in interpreting these results; more detailed studies of the interrelationships among receptor, guanine nucleotide dependent factors and the catalytic subunit in homogeneous pulmonary cells from these animals will be required in order to determine the relationship between the developmental increase of thyroid dependent /3-adrenergic receptors and CAMP formation in the lung.
The timing of the thyroid dependent maturation of the /3-adrenergic system in the lung correlates with other known thyroid hormone dependent changes in the rat (3, 10, 11). Because the timing of increased thyroid activity varies greatly among species (earlier in postnatal period in the human) it is also possible that the thyroid dependent maturation of /3-adrenergic receptors in the lung may occur earlier in perinatal life in the human than in the rat. Whether the thyroid dependent increase of lung /3-adrenergic receptors plays a significant role in perinatal and postnatal pulmonary function remains to be determined. The present study and others support the hypothesis that thyroid hormone mediates various aspects of pu&onary maturatidn at distinct times during development (1, 9, 23, 32).
